In this paper, we describe the CTA1 gene, which encodes a peroxisomal catalase in the methylotrophic yeast Pichia methanolica. The P. methanolica CTA1 gene (PmCTA1) comprises a 1,530-bp open reading frame corresponding to a protein of 510 amino acid residues, and its deduced amino acid sequence shows high similarity to those of Cta1ps from other methylotrophic yeasts (about 79%). Expression of PmCTA1 in a peroxisomal catalase-depleted (Cbcta1Á) Candida boidinii strain restored the methylotrophic growth of the host strain, while the expression of PmCTA1-ÁSRL, which lacks peroxisome targeting signal type 1, did not. In P. methanolica, expression of PmCTA1 was induced when cells were grown on peroxisome-inducing carbon sources, viz., methanol, oleate, and D-alanine. Taken together, these results indicate that PmCTA1 encodes a functional peroxisomal catalase in P. methanolica.
Peroxisomes are ubiquitous organelles that house enzymes for various kinds of oxidative metabolism, including -oxidation and D-amino acid oxidation. 1) Because these oxidative metabolism reactions all include the reaction catalyzed by the H 2 O 2 -generating oxidase, a large amount of H 2 O 2 is generated in the peroxisome. Catalase (EC 1.11.1.6) degrades H 2 O 2 to oxygen and H 2 O, and is one of the major peroxisomal H 2 O 2 scavengers.
2) Lack of catalase in the peroxisome results in accumulation of toxic H 2 O 2 and/or other reactive oxygen species derived from H 2 O 2 , 3, 4) and the physiological importance of catalase activity in the peroxisome is highlighted by the existence of the genetic disease Acatalasemia. 5) In view of these facts, catalase is one of the most important enzymes involved in peroxisomal oxidative metabolism.
The hallmark of methylotrophic yeasts is their capacity to grow on methanol as sole carbon and energy source. Methanol metabolism begins with the oxidation of methanol by alcohol oxidase (AOD; EC 1.1.3.13) in the peroxisome, resulting in the formation of H 2 O 2 . When a methylotrophic yeast is grown on methanol, catalase is strongly induced, together with AOD and other methanol-metabolizing enzymes. 6) A catalasedeficient mutant of Hansenula polymorpha did not grow on methanol, and a catalase-depleted strain of Candida boidinii exhibited a lower growth rate on methanol than the wild-type strain. 7, 8) Methylotrophic yeasts are widely used for the expression of foreign proteins in both academic research and industrial production. 9) Among methylotrophic yeasts, Pichia methanolica has several distinct features. It possesses two genes encoding AOD, MOD1 (AUG1) and MOD2 (AUG2), 10, 11) and the expression of MOD2 is strongly induced by methanol, as is that of MOD1. 12, 13) However, these two promoters differ in the levels of methanol to which they are sensitive, as well as in their responses to glycerol and oxygen levels. 13) Hence, a unique, useful gene expression system has been developed to exploit the regulatory differences between the two AOD promoters in P. methanolica. 10, 13) In the course of the expression of useful proteins in P. methanolica, the hydroxyl radical is generated from H 2 O 2 in the cell, so that newly produced proteins are exposed to its effects, resulting in protein backbone fragmentation or modification of amino acid side chains. 14) Thus, an antioxidant system is critical to improving the productivity of intact heterologous proteins, but there have been no reports to date of a catalase of P. methanolica. In this study, we identified the primary structure of PmCta1p from P. methanolica, and here we explain that the PmCTA1 gene encodes functional peroxisomal catalase.
We cloned the PmCTA1 from P. methanolica IAM12901. The partial CTA1 gene was amplified using primers CTA-N (GCGGCCGCATGWSNAAYCCNCC-NACNTTYAC) and CTA-C (GCGGCCGCNSWNA-CRTGRTTNGCNACRTT). Both primers were designed from a region of high homology in CbCTA1 and HpCTA1. 3, 7) The flanking regions of the PmCTA1 gene were amplified by inverse PCR. Inverse PCR used the IvCTA-N1 (GCGGCCGCAAAGCACCAGCTCCTTT-GGCG) and IvCTA-C1 (GCGGCCGCTTACCAAACTA-TGCAGGTGCC) primer set or the IvCTA-N2 (GCGG-CCGCTTTTAGGTCAACGGCGATT) and IvCTA-C2
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PmCTA1 consisted of a 1,530-bp ORF corresponding to 510 amino acid residues. The product deduced from PmCTA1, PmCta1p, exhibited high similarity to the deduced amino acid sequence of H. polymorpha Cta1p and C. boidinii Cta1p (79% identity).
3,7) PmCta1p contained conserved regions for CTA, viz., the catalase proximal active site (54-70), the catalase proximal heme-ligand signatures (345-352), and conserved amino acid residues, which are thought to be important to the construction and functioning of the catalase active sites (His65, Ser104, and Asn138) and interaction with heme (Val64, Thr105, Phe143, Pro326, Arg344, and Tyr348). Moreover, the extreme C-terminal sequence of Cta1p is -SRL, a type-1 peroxisomal targeting signal (PTS1). 15) In order to confirm the function of PmCta1p, PmCTA1 was expressed in a catalase-depleted strain of C. boidinii, Cbcta1Á, under the control of the CbDAS1 promoter. As shown in Fig. 1A , the PmCTA1/Cbcta1Á strain expressing PmCTA1 in the Cbcta1Á (ura3 À ) strain 7) showed growth rates and yields on methanol medium similar to the wild-type strain. The PmCTA1/ Cbcta1Á strain exhibited a high level of catalase activity (1,033 U/mg) as compared to the wild-type strain (892 U/mg) during growth on methanol, while the Cbcta1Á strain exhibited no catalase activity. Moreover, in the PmCTA1/Cbcta1Á strain, catalase activity was observed in the peroxisome fraction, as in the P. methanolica wild-type strain (Fig. 1B) . This results indicates that PmCTA1 encodes a peroxisomal catalase in P. methanolica.
Next we investigated to determine whether the C-terminal -SRL of PmCta1p functions as a peroxisomal targeting signal type 1 (PTS1) in C. boidinii. The PmCTA1-ÁSRL/Cbcta1Á strain expressing PmCTA1-ÁSRL, which lacks the C-terminal -SRL sequence, in the Cbcta1Á strain, exhibited almost the same level of catalase activity (925 U/mg) as the PmCTA1/Cbcta1Á strain when cells were grown on methanol. However, in the transformant lacking the C-terminal -SRL sequence, all catalase activity was localized to the cytosolic fraction instead of the peroxisomal fraction (Fig. 1B) . In our previous study, we found that disruption of PmPEX5, which encodes a PTS1 receptor of P. methanolica, caused mislocalization of catalase into the cytosol. 16) Taken together, these results strongly suggest that PmCta1p is transported into the peroxisome via the PTS1 pathway in P. methanolica. Moreover, the expression of the PmCTA1-ÁSRL did not restore the methylotrophic growth of the Cbcta1Á strain on 3% methanol, although it partially complemented the methylotrophic growth of the Cbcta1Á strain at a methanol concentration of 0.3% (Fig. 1B) . A comparable result was obtained in an experiment using the C. boidinii CTA1 gene. 7) In H. polymorpha, expression of the ScCtt1p cytosolic catalase of Saccharomyces cerevisiae, did not restore the methylotrophic growth of a catalasedefective mutant, while expression of the ScCta1p peroxisomal catalase did.
3) Figure 2 shows the induction of catalase activity and the expression of PmCTA1 in P. methanolica grown on several carbon sources. PmCTA1 was strongly expressed during growth on methanol, oleate, and D-alanine, peroxisome-inducing carbon sources generating H 2 O 2 during their oxidation by peroxisomal oxidases, AOD, acyl-CoA oxidase, and D-amino acid oxidase respectively. When cells were grown on glucose or glucose plus methanol, PmCTA1 was expressed at low levels. These results indicate that expression of PmCTA1 is induced when it is grown on peroxisome-inducing A B Fig. 1 . Phenotypes of PmCTA1 and PmCTA1-ÁSRL Expressed in the C. boidinii cta1Á Strain. A, Growth curve of the C. boidinii wild-type ( ), Cbcta1Á ( ), PmCTA1/Cbcta1Á ( ), and PmCTA1-ÁSRL/Cbcta1Á ( ) strains. B, Differential centrifugation of organelle pellet and supernatant fractions of the wild type, the PmCTA1/cta1Á, and the PmCTA1-ÁSRL/Cbcta1Á strains. The methanol-induced cells spheroplasted with Zymolyase 100T (Seikagaku, Tokyo) were lysed by osmotic shock. 16) Unlysed cells, nuclei, and other cell debris were removed from the lysate by centrifugation at 1;000 Â g at 4 C for 10 min. The resulting supernatant was centrifuged at 20;000 Â g at 4 C for 20 min to obtain a crude pellet fraction (P), including peroxisomes and mitochondria, and the supernatant (S). carbon sources and is repressed by glucose, and that its expression pattern almost coincides with that of C. boidinii CTA1.
6) Moreover, the regulatory patterns of catalase activity coincided with that of PmCTA1 mRNA transcription, indicating that induction of catalase expression in P. methanolica is controlled mainly at the mRNA level.
Next, we investigated to determine whether catalase is induced by methanol itself, H 2 O 2 , or other metabolic intermediates. Using an AOD-depleted strain (mod1Ámod2Á), we evaluated the influence of methanol and its downstream metabolites on the induction of catalase in P. methanolica. In general, cells of mutant methylotrophic yeast strains lacking peroxisomal matrix proteins have small peroxisomes as compared to wildtype cells, but peroxisomal assembly, peroxisomal proliferation, and protein transport into the peroxisomes are normal. 17) Induction of catalase by methanol or glycerol in the mod1Ámod2Á strain showed the same levels seen in the wild-type strain (Fig. 3) , indicating that the catalase in themethanol-grown cells was induced by methanol itself.
In this study, we found that PmCTA1 encodes a functional peroxisomal catalase. Recently, the mechanisms by which methylotrophic yeasts respond to oxidative stress derived from H 2 O 2 or other reactive oxygen species (ROS) were elucidated in P. pastoris. 18, 19) This knowledge should improve the utility of the P. methanolica gene expression system, as it is necessary to understand not only the scavenging system for ROS but also the mechanism of response to ROS.
